For psychology the problem of motor activity has been largely one of the perception of movement. Discussion has centered about the questions of the receptors which are excited differentially by changes in extent and force of movement, about the psycho-physics of the constant error, the influence of the emotions upon the perception of movement, the relation of the "will impulse" to the perception of movement; with the result that the equally important questions of the nervous mechanism of initiation, continuation and cessation of adaptive movements have been dealt with only incidentally as throwing light upon this perception. Whether such an attitude on the part of investigators is the result of the general concept of psychology which would restrict its scope to the study of sensation, or is a consequence of the relative ease with which the problems of sensory and motor physiology may be attacked, the result has been an almost total neglect of the neurological problems presented by skilled movements.
K. 8. LASHLEY
Clearly the ideal opportunity for the study of these relations would be given by a case of complete sensory anesthesia in man with no more impairment of motor functions than would necessarily arise from the anesthesia.
A partial condition of this character is occasionally reported in tabes dorsalis and the complete absence of afferent impulses in rare cases of spinal lesion.
Through the courtesy of the staff of the Government Hospital for the Insane, I have had opportunity to examine a number of patients showing various degrees of anesthesia and to carry out the experiments reported in the following pages with one who showed a condition particularly adapted to answer some of the questions centered about the control of movement.l
The present paper is devoted to a study of the sensory and motor condition of this patient.
He is a young man of more than average intelligence who has, as a result of a gun-shot injury to the spinal cord, a partial anesthesia of both legs with motor paralysis of the muscles
The anesthesia of the left leg is much more extenbelow the knees. sive than that of the right. Rough preliminary tests indicated a sensitivity to movement of all joints except the left knee and ankle, and the paralysis of the muscles controlling the latter made it necessary to restrict the study to the movements at the knee. The experiments were arranged for the investigation first, of excitations from movements at this joint; second, of the accuracy of control of such movements as failed to excite afferent impulses from the limb. PHYSICAL 
CONDITION OF THE SUBJECT
Neurological examination shows the left leg, with the greater part of the left groin and gluteal region, to be insensitive to light touch, temperature, and to protopathic stimulation. The extent of the area of cutaneous anesthesia is shown in figure 1. Except for the rather large areas in the gluteal region and the somewhat smaller areas on the calf (shown in white in figure 1 ) there is complete loss of cutaneous sensitivity of this leg. The loss of sensitivity to deep pressure is much less extensive, complete anesthesia to deep pressure involving only l I wish to express my obligation in particular to Superintendent W. A. White, who has given me every opportunity for investigation, and to Dr. S. I. Franz, who first brought the patient to my attention and who has given important suggestions concerning the control of the experiments.
Finally my greatest debt is to the subject of the present study who has worked tirelessly, and who has himself suggested improvements in technique which were essential for the success of the experiments. the foot and anterior surface of the lower leg (cross-striated area in figure 1 ), but in the regions retaining sensitivity this is reduced much below normal.
The minimum amount of pressure that can be detected in the region of cutaneous anesthesia is 900 grams on an area one- The extent of anesthesia of the left leg of the subject studied. White areas, cutaneous sensitivity; light shaded areas, cutaneous anesthesia with deep sensitivity to pressure; dark shaded areas, complete anesthesia to all stimulation. Fig. 2 . Threshold of sensitivity to pressure applied over an area 4 inch in diameter. Shaded area completely insensitive.
The figures give the sensitivity of other regions in 100 gram units.
half inch in diameter in the region of the groin and this increases to 2000 grams over the greater part of the thigh and calf. The thresholds fo deep pressure over the anesthetic area are shown in figure 2. Except in the gluteal region, in the groin and on the calf, localization of deep pressure is very inexact, the average error of localization being about eight inches.
No amount of pressure that I was able to apply excited deep pain.
There is a slight sensitivity to vibration (50 per second) in the femur. A small area of the patella also seems sensitive to this type of stimulation, but its sensitivity is probably due to the transmission of the vibration to the femur.
There is no sensitivity to this type of stimulation in the region below the knee.
The cutaneous and tendon reflexes of the but a slight degree of tonicity is retained We do not know the exact extent of the lesion and no detailed clinical history of the operation to remove the bullet is available, but the clinical picture indicates an extensive destruction of the dorsal bundles in the second or third lumbar segment of the cord with invasion of the dorsal horns or injury to the afferent roots in the sacral region sufficient to abolish the tendon reflexes.
The determination of the exact extent of the lesion is not essential to the present work since the conclusions depend wholly upon the experimental determination of the extent of anesthesia to movement. leg are completely abolished by the muscles of the thigh.
SENSITIVITY
TO POSITION AND TO PASSIVE MOVEMENTS Preliminary tests had indicated that in spite of the sensitivity to pressure retained by the subject, his sensitivity to flexion and extension of the knee was abolished.
Before a study of the accuracy of active movements could be undertaken it was necessary to establish this point beyond question. A number of experiments was therefore carried out with a view to revealing any sensitivity to movement which might play a part in determining the accuracy of adaptive movements. In all the tests on movement the subject was seated on a soft cushion in a rather high chair with his left thigh supported by a padded rod, 3 inches behind the knee, so that his foot could swing freely from the knee through an arc of about 130 degrees from complete extension to the point where the heel came in contact with the rungs of the chair. The foot was attached by a cord to the carriage of a modified form of the Miinsterberg movement apparatus, so that the rate and extent of movement could be recorded. The subject was blindfolded during all the tests and precautions were taken to eliminate any auditory stimulation from the recording apparatus which might serve as a clue to the extent of movement. The distance moved was recorded in centimeters read directly from the recording device.
A slight inaccuracy is introduced here, since the measurement was in a straight line while the movement was about the perimeter of a circle. In the records one centimeter is equal to approximately 1.28 degrees rotation about the knee. Detection of passive movements.
The experimenter grasped the subject's foot in his right hand and, holding his left hand on the subject's knee to detect unintentional movements of the thigh, flexed and extended the knee passively through angles varying from 10 to 130 degrees. The subject was asked to describe the distance and direction of movement whenever he felt that any movement had been made. The rate of the passive movements was varied from about 2 cm. to 100 cm. per second.
When the passive movements were made at a rate of less than 20 cm. per second, the subject was unable to detect any movement, however great its extent, and throughout a series of fifty such movements gave no reaction except when the movements resulted in hyperextension of the knee. More rapid movements were detected in about 50 per cent of the trials but reports of their direction and extent seemed to be wholly a matter of chance.
Fifty passive movements of the foot at a rate of more than 20 cm. per second were made under conditions where auditory cues were eliminated. The subject was asked to give the direction of movement and position of the foot whenever he felt that it was moving.
Twenty-four of the movements brought no reaction.
The remaining 26 were detected as movement; 4 were described as of uncertain direction, 22 brought definite statements of direction of movement which were, however, quite inaccurate.
Seven movements of extension and 4 of flexion were described correctly.
Five movements of extension were described as flexion and 6 movements of flexion were described as extension.
The description of the position of the foot was equally inaccurate. The subject usually denied any knowledge of its position and in the instances where he ventured a definite statement he was as frequently wrong as right.
Thus, in 3 out of 6 cases flexion at 70 degrees was described as complete extension and in 2 of 5 cases hyperextension was described as flexion.
When the knee was hyperextended the subject invariably stated that the knee was being moved.
His knee was alternately hyperextended and flexed a number of times and he was asked to describe the movements.
Only those of extension were detected and these the subject alternately stated to be extensions and flexions. Flexing move-ments brought no reaction.
From this it seems hyperextension were to the strain on the joint or the movement as such.
that the reactions to ligaments and not to An attempt was made to locate the source of stimulation by which rapid movements were detected.
Slight flexion of the hip (elevation of the knee through a distance of 2 cm.) was for the first three trials interpreted as extension of the knee, thereafter as a movement of uncertain direction.
Upward pressure against the patella was once interpreted as an extension of the knee, twice as a movement of the knee of uncertain direction, and remained undetected in more than 20 cases. Heavy pressure above the knee was once described as a movement of extension but later failed to elicit any response.
The patient was instructed to contract the antagonistic muscles of the thigh so as to increase the tension upon the knee joint and fix the leg at the thigh. When this was done no passive movements were detected, unless they produced flexion of the hip. The quick movements which brought reactions were frequently described as "jerks"
and I could not be certain that any of the movements that were detected did not involve a certain amount of strain upon the muscles of the trunk.
These tests suggest the absence of any afferent excitations from the leg during slow passive movements of the knee which may stimulate verbal reactions to the direction or extent of the movements. From them it seems probable, also, that the recognition of quick passive movements is not based directly upon excitations from the moving parts but only indirectly upon the spread of the shock of movement to adjacent parts of the body.
Whatever may be the basis of the reactions to rapid passive movements the stimuli involved are not differentiated enough to allow the subject to determine the direction or extent of the movement.
Maintenance of position. The preceding tests required chiefly reaction to movement with, possibly, very little stress upon local signs from the position of the leg. A further series of tests was made with the emphasis upon position.
The subject's knee was hyperextended and he was asked to maintain that position as long as he could against the force of gravity.
The quadriceps became tense and the leg was kept extended for about ten seconds, then dropped to vertical with a series of spasmodic twitches. The subject, when questioned, stated that he was still holding the leg extended and one minute later said "Now I am letting it down," the leg, in the mean time, hanging lax. The test was repeated a number of times and gave similar results in every case. There was momentary maintenance of position, relaxation without recognition of the movement, and later an illusion of relaxation.
Other positions than that of hyperextension could not be maintained at all. When the subject's foot was placed passively in any other position and he was asked to hold it there, the leg dropped back to the vertical as soon as the support was removed, jerked back and forth spasmedically for a few seconds, , and then came to rest in the vertical position, the subject asserting, without certainty, that he was holding the leg still.
Reaction to position. With the weight of the subject's foot wholly supported by the experimenter, the knee was flexed, starting from 105 degrees, until the recording carriage moved 10 cm. The subject was told that his foot would be moved back to the starting position and was asked to indicate verbally when it reached that position.
The movements from the starting position were made as a uniform rate; the rate and direction of the "returning movements" were varied. The subject was warned in each case that the displacement of the foot was completed and that the experimenter was returning it to the starting point.
In five series different procedures were employed: (1) The foot was moved back very slowly toward the initial position; (2) It was returned to the initial position at the same rate at which it had been displaced; (3) It was moved back very quickly; (4) The displacing movement was continued so as to bring the foot farther from the starting point; (5) The foot was held motionless after being displaced.
The positions stated by the subject to be the one from which the foot was originally displaced are given in table 1. Slow return was overestimated, quick return underestimated, and lack of movement or movement in the wrong direction was not detected.
The subject stated that he was depending upon the time interval after the warning that the foot was being returned to its original position, and the relation of the positions identified as the starting point to the rate of passive movement confirms his statement.
The results of the tests show clearly that there were no afferent excitations capable of arousing a reaction to position.
Duplication of passive movements. The data presented thus far indicate that any excitations from the position or from slow passive movements of the leg are subliminal for the language mechanism of the subject. It seemed possible that the excitations from passive movements might still be above the threshold for the reflex control of active movement and to test this experiments were carried out in which the subject was asked to duplicate the extent and direction of a passive movement by making an active movement.
The position of the subject described above was used. Distances of 2 and 10 cm. were selected as pattern movements, and the subject's foot was moved backward or forward through these distances at a rate of less than 10 cm. per second. The subject stated that he could not tell when the pattern movement was made, so he was warned each time his foot was moved and was asked to continue the movement through the same distance and in the same direction as the passive movement.
Owing to the fact that subject could not hold his foot steadily in any position against the pull of gravity it was necessary to counterbalance the weight of the foot immediately before and at the expiration of his movements. Since the weight to be supported changes greatly with the degree of extension of the knee, no practicable method of supporting the weight could be employed in the limited time available exept that of partial support by the experimenter's hand. This introduces into the distances moved an element of error from the personal equation of the experimenter.
On page 181 is recorded an experiment in which the same technique is used where the subject attempted to duplicate his own active In the forward movement no resistance except that of gravity was offered to the movement; in the backward movements the experimenter tried to oppose a constant resistance equal to that necessary to hold the foot in position before the beginning of the movement.
The slight difference in the variability of the movements made under the two conditions of resistance indicated that the error introduced by the personal equation of the experimenter is not great enough to affect the results seriously.
The relation of the direction of the subject's movements to the direction of the pattern set is shown in table 2. The direction was interpreted wrongly in almost 50 per cent of the trials, which indicates that the direction of the subject's movements was wholly a matter of chance. The lengths of the movements varied from 0 to 27 cm. (the maximum Total, direction correct 39 trials Total, direction incorrect 35 trials movement permitted by the position of the subject's foot). The variations in two series of tests are shown in figure 3, other tests giving similar results. There is no correlation either in direction or extent between the active movements and the passive pattern which they were intended to reproduce.
The subject's failure to give any precise or constant reaction to the position or movement of his knee seems to prove that the anesthesia of the leg is sufficiently extensive to exclude any reflex control of the accuracy of movement based upon cortical excitations arising from the moving limb. The one remaining possibility of excitation from the limb calls for the postulation of receptors in the muscles which are stimulated by active contraction and not by passive tension. To test this the relative lengths of the voluntary movements which the subject estimated as equal when different amounts of resistance were opposed to the movement were measured.
Rough tests were first carried out with different amounts of resistance opposed to the subject's active movements.
He was asked to flex his knee so that his foot was drawn back 3 inches from a given po- sition (120 degrees extension) in which his leg was held by the experimenter and to indicate verbally when he had moved his foot through this distance. The latter precaution was taken to test the relation between the duration of the motor innervation and any excitation of the language mechanism which might exist.
In the first trials the foot was allowed to move at a rate of only about 1 cm. per second.
The average distance moved and reported as 3 inches under this condition was 1.65 cm. with a range from 0.9 to 2.5 cm. (ten trials).
In the next ten trials the pull against the subject's movements was increased to such an extent that the knee was extended slightly during his attempts to flex it. In these tests an average forward movement of 1.04 cm., with a range of 0.5 to 1.5 cm. was reported as a backward movement of 3 inches. During these tests the subject reported that he felt resistance but had increased the force of his movements until he had compensated for it completely. The mechanism by which the resistance was detected was not determined.
It may have been a residual joint or tendon sensitivity which was too slight to be stimulated-by unresisted movements, or to the deep muscle sensitivity to pressure, or to certain stimulation from strain on the muscles of the trunk which could not be altogether eliminated. The subject indicated his knee as the source of stimulation, but was very uncertain.
Whatever the locus of excitation, the stimulus was not specific enough to give a clue to the extent of movement of the foot. In a third series of tests the active movement of the subject was accelerated by the experimenter, the subject being asked, as before, to stop the movement and indicate when his foot had moved 3 inches.
The average distance moved in ten trials was 28.94 cm. with a range from 26.0 to 30.5 cm. This was practically the maximum extent of movement allowed by the position of the subject. The same tests were repeated with a better control of the amount of resistance offered to the movement, and with virtually the same results.
The subject's foot was supported at 120 degrees extension by a spring exerting 100 grams for each 4.5 cm. extension and he was asked to draw his foot back three inches.
The initial tension on the spring was varied from 266 to 1380 grams.
In other tests the foot was held motionless, in others the knee was extended during the attempt at flexion, and finally the spring was set to flex the knee. As far as possible the subject was kept in ignorance of the procedure. He was asked to indicate verbally when he had carried out the instructions.
The results of the tests are shown in table 3. The distances moved vary inversely with the resistance encountered but not in direct ratio.
The foregoing tests seem to show that there are no excitations from the actively moving limb which are specific enough to give a clue to the extent of the movement. A certain amount of adjustment to the resistance is indicated by the fact that the extent of movement is not inversely proportional to the resistance.
The work done in extending the heavier springs (computed as distance times weight lifted) is greater than that performed with the lighter springs.
Such a method of considering the data is misleading, however, for it considers that no work is done unless external resistance is opposed to the movement, whereas a certain amount of work is done in the contraction of free muscle, in the stretching of the antagonistic muscles, and in overcoming the resistance at the joint.
It is impossible to estimate the amount of force expended iB this way, but if we assume that the work done in moving the leg without external resistance is the equivalent of lifting 50 grams for the distance moved, the total amount of work done in moving against each of the resistances recorded in the table is practically the same. There is no justification for assigning this particular value to unresisted inovement, but there is also no certain evidence that there was any compensation for the different resistances encountered.
There remains the subject's statement that he felt resistance and made adequate allowance for it by giving a harder pull. How much of the apparent increase in work done was due to this cannot be determined without more data than are available at the present time upon the internal resistance to movement of muscle and joint.
Such imperfect compensation for resistance as the subject may have made is irrelevant to the problem in hand since the subject failed to distinguish the extent of movement.
No difference between a flexion of 26 cm. and an extension of as much as 10 cm. was detected except in the amount of resistance encountered. The recognition of resistance was evidently not based upon any excitation which could give evidence upon the direction and extent of movement. We may conclude that we are dealing with an anesthesia to passive and active movements of the knee which is practically complete for a rate of movement of less than 20 cm. per second within an arc of 45 degrees in each direction from the right angle. With this established it is possible to test the accuracy of voluntary movements within these limits with the certainty that the intensity and duration of the innervation involved in them are not reflexly controlled by aff erent excitations from the moving limb.
THE ACCURACY OF ACTIVE MOVEMENTS
Direction of movement. In the preceding tests where active movements were requested the subject made no errors in the direction of his movements.
Only twenty additional trials were given in a formal test of accuracy in the direction of active movements, in all of which the movement was made correctly.
In many hundreds of voluntary movements, however, I have never seen the subject make a mistake in direction, except when he misunderstood instructions. It seems certain that the voluntary excitation of a specific group of muscles is possible in the absence of afferent excitation from it.
Extent of movement. Two somewhat different methods were used for testing the accuracy in control of extent of voluntary movements. In the first experiments the subject was asked to move his foot through a given distance (an estimated inch, 2 inches, etc.) while the experimenter gave a slight nearly constant support to the backward moving foot in order to control the inability of the relaxed quadriceps to support it against the pull of gravity.
The inaccuracy of this method has been considered (page 176). The resistance was applied only to the backward movements, probably accounting for the fact that they are slightly shorter than the corresponding forward ones (tables 4 and S), and does not influence the extent of the forward movements, which are equally accurate.
When a movement was made its extent was recorded and the foot was brought back passively to its initial position, usually about 110 degrees extension.
None of the subject's active movements exceeded the rate of 20 cm. per second so that the controls for slow rates of passive movement apply to all the active movements studied.
In the first experiment the subject was asked to make ten attempts to move his foot through distances which he judged to be 3, 1, 2 and 3 inches.
The averages for the different distances are given in table 4. The movements were all longer than the distance asked for but there was practically no overlapping between the movements estimated as different . The pattern set by the first voluntary movement was duplicated rather accurately in later movements.
In these tests the ten trials for each distance and direction were given successively and it seemed possible that this might contribute something to the accuracy. of the movement through the establishment of a rhythm of motor excitation. A series of tests was made therefore in each of which movements through distances of from 3 to 6 inches were The results of five such tests are given in table 5. In only one of the five tests, which began with the shortest and progressed to the longest movement, was a movement shorter than the one preceding it. This case is marked in italics in the table.
The subject was not told that he had made an error yet an apparent compensation appeared in the next movement, which is the longest made for that distance.
A third series of the same general character was carried out in which all the movements of a given estimated distance were made successively but the different distances to be estimated were taken in irregular order so that an estimate of the absolute distance moved rather than a comparison of the length of successive movements was required.
The order in which they were taken up was 3, 6, 1, 3 and 2 inches. The averages for the different distances with their standard deviations are given in table 6. In all these tests there is a surprising accuracy in the extent of the voluntary movements. Too few trials were given at each distance to lend much significance to the coefficients of variation for the attempts to estimate given distances, but in every series of tests the average distances moved are roughly proportional to the distances which the subject was asked to estimate.
The pattern set by voluntary movement could be duplicated with a fair degree of accuracy and the intensity of innervation could be graduated in a series of distinctly different steps.
Comparison of accuracy of movement with that of a normal subject. For the determination of the variability of movements when the subject was asked to copy a pattern set by his own active movements and for a comparison of this with the normal variability, it was necessary to eliminate any influence which the experimenter might exert in supporting the subject's foot.
This was done by supporting the foot by a light spring so that the knee was partially extended.
The subject was then asked to draw his foot back through a given distance and then allow it to swing forward freely. The carriage of the recording apparatus was arranged to stop at the limit of the backward movement. Series of twenty or more trials were obtained for estimated distances of 1, 2 and 3 inches. The average extent of movement for these three distances with the standard coefficient of variations are given in table 7, and the distribution of variations is shown in figure 4 . For comparison, the results of a similar experiment on an apparently normal individual are included in the table and figure. This subject, a physician, Fig. 4 . Distribution of variations in the length of voluntary movements in the anesthetic and in a normal subject.
The ordinates represent the percentage of the movements in each series which were of the lengths given on the abscissae. -Anesthetic subject.----Normal subject.
was selected at random, the instructions and method of supporting the foot and recording the extent of movement were the same as those employed with the anesthetic subject so that the results with the two subjects may be taken as closely comparable. There is a surprising similarity in the results obtained with the anesthetic and with the normal subject. The movements of both showed wide errors from the distances which they were asked to estimate and the normal subject was not greatly superior to the anesthetic in this respect. In the variability of the movements estimated as equal there was no constant superiority of either subject. The normal individual gave more uniform movements for the longer distance but varied more in estimation of the shorter ones. We may conclude that the anesthetic subject's control of his movements is not significantly less accurate than that of the normal individual, and it is not clear that for the simple movement studied the afferent impulses from the moving limb contributed anything to the accuracy of movement in the normal subject. The chief mechanism for the control of movement is located in some other body segment than that of the moving organ.
THE

RELATION OF RATE TO ACCURACY OF MOVEMENT
Earlier studies of movement, particularly those of Loeb and Dellabarre have indicated that the duration of movement may serve as a clue to its extent, in place of the changing pattern of stimulation from the moving limb. It seemed possible that the subject of the present experiments was depending upon the duration of movement by maintaining a constant motor discharge during time intervals corresponding to the distances through which he was asked to move. In the following tests the rate of movement was recorded with the distance. The subject's foot was suspended with the knee extended to 110 degrees by a spring having a coefficient of 100 grams for each 4.5 cm. extension and he was asked to draw his foot back through distances and at a rate suggested by the experimenter. The results of the tests are summarized in table 8. From this it will be seen first, that the duration of movement is not proportional to the distance when the subject is allowed to choose his own rates but that the rate of long movements is less than of the short ones (tests A, B and C); second, that the movements may be made of equal extent, although the rate is quite different (tests D and F), third, that, except in test A, the variability in the time of movement is considerably greater than that of its extent; and fourth, that the variation in both extent and time of movement decreases with increasing rate.
The experiments thus show a degree of independence in the rate and extent of movement which precludes the possibility that the extent of movement is determined merely bv the control of the duration of the excitation of motor pathways. "They indicate, on the contrary, that there is a control of the intensity of motor discharge which is independent both of the duration of excitation and of the effects of the discharge upon the effecters.
The increase in accuracy with increased speed is in accord with the results obtained by Woodworth (6) in his study of the accuracy of automatic move- ments and confirms his assumption that rapidity of normal movement interferes with its accuracy only by reducing the influence of the "current control," of the excitations aroused by the moving organs. The time records showed further that the slow movements were not the result of a single muscular contraction but consisted, in practically every case, of a series of from two to five successive contractions resulting in alternate acceleration and retardation of the movement. This furnishes additional evidence against a temporal control of movement and also raises the question whether an initial set is adequate to account for an accurate movement which is excited by a series of innervations, without some controlling mechanism which is active continuously during the course of the movements.
REACTIONS TO ERROR OF MOVEMENT
In occasional instances the subject stated that a given movement was longer than he had intended. Records of only eight such movements have been obtained but in every case the recorded movement was considerably greater than other movements of the series in which it occurred. The recognition of such movements is ascribed by Woodworth (6) to sensory elements arising from the movement. If, as seems established by the tests recorded, the subject of the present experiments was anesthetic to movements of the knee, the detection of error must be ascribed to some mechanism other than the receptor system of the moving organ. This demands a distinction not only between the initial set or intention of movement and the final adjustment due to sensory stimulation, but, also the recognition of a third factor in the control of movement, the capacity for reaction to the intensity of innervation which is independent of both the initial set and the excitations from the m.oving organ. This suggests the old doctrine innervation, although an alternative hypot,hesis must This is outlined on page 193. of the feeling of be considered.
EFFECTS OF FATIGUE
In some of the earlier tests, after many repetitions of a given movement, the subject complained of feeling resistance to his movements and at the same time increased their length. It seemed that this might be the result of fatigue and a number of series of movements was therefore made to test this more thoroughly.
The subject was required to repeat a movement of a given length from 20 to 85 times. Resistance to the movements was offered by a spring which drew the foot back to the starting point after each movement. Table 9 shows the results of this test. In each case repetition of the movement led to a considerable increase in its extent. The progression in the length of movement in two series is shown in figure 5 which is based upon the average of successive groups of five trials. During the later trials of the long series the subject stated that he felt tired and that it seemed to require a greater effort to move his foot than had been necessary at first.
We can scarcely interpret such data at present. The progressive increase in the length of movements estimated as equal seems almost certainly the result of the frequent repetition of the movement. From the subject's statement it seems probable also that the increase resulted K.
S. LASHLEY from some feeling of resistance or of increased effort necessary for the movement, which led to an over compensation. The source of the stimulation leading to this compensation offers an interesting problem. It does not seem probable that with the extensive anesthesia to all other forms of stimulation there should still persist a normal sensitivity to chemical changes in the muscles which give rise to the feeling of fatigue. The alternative seems to be some cortical mechanism by which the Owing to the lack of adequate means for determining the degree of tension of the muscles of the subject's thigh, it was not possible to determine the relative functions of the flexors and extensors in controlling movement, but a few crude observations indicate that much of the normal complex interplay of the muscles is retained.
In quick flexing movements a preliminary contraction of the quadriceps extensor is detectable although the inertia of the subject's foot prevents the appearance of a form of reaction movement similar to that first described by Smith (5) for finger movements. There is also, seemingly, an increase in the tension of the quadriceps as the limit of movement is approached.
When the subject is asked to contract both flexors and extensors, to "make his leg tense," an apparent fluctuation in the intensity of innervation results in oscillations of the foot, yet a given degree of extension is maintained much longer than when he is merely asked to hold his leg extended as in the experiment described on page 174. In the latter case only the extensors are in active contraction so it seems that the simultaneous excitation of both flexors and extensors permits of a steadier and longer motor discharge than is possible when only one set of muscles is innervated.
The complete loss of the. tendon reflexes and the great reduction in the tone of the muscles makes a reciprocal innervation of the antagonistic muscles improbable and suggests that the interaction of antagonistic muscles in the control of movement is regulated by some part of the nervous mechanism cephalad to the spinal segment from which the muscles are innervated.
The final question arises as to whether the condition of control of movement in this subject is comparable to that of a normal individual or whether some mechanism of control has been developed by practice which was not functional at the time of the lesion. The present observations were made five years after the spinal injury but the subject's history scarcely supports the view that his control of movement has been reacquired by practice during this time. For the first year after injury he practiced daily walking with crutches for two hours but he made so little progress that he became discouraged and gave up all attempts to recover the lost functions, spending his time either in bed or in a wheel-chair.
Except for this relatively brief practice, which aimed only at a visual control of movement, there is no history of any activity which could develop an accurate control of short, slow movements.
DISCUSSION
Every adaptive movement seems to involve three physiologically distinct processes when we attempt to analyze its neurological mechanism.
These are, 1, the initiation of motor excitation resulting in muscular contraction; 2, its continuation by a series of disturbances propagated either in the central nervous system, or reflexly as a result of the motor discharge; 3, the cessation of excitation of the protagonists and excitation of the antagonists.
The first of these has much in common with the simple reflex twitch and is not of moment in the problem of the control of accuracy of movement unless in some way the extent of movement may be determined by the initial excitation of the motor pathway.
The continuation of the movement implies the production of a series of tetanic contractions arising from successive nerve impulses which have been excited by a single momentary stimulus.
The duration of the tetanus varies with the extent of the contraction.
Curiously enough, no more than vague suggestions have been advanced to account for this change from brief to long-continued excitation.
The demonstration by Forbes and Gregg (2) that a single strong stimulus may induce the propagation of two or more waves of disturbance in the nerve may furnish the clue to the continuation of movement, but the increase in duration of excitation which they have shown is very slight and seems inadequate to account for movements continued for several seconds.
Upon this the present work gives no data except the probable elimination of circular reflexes by which a contracting muscle might stimulate its own contraction; a possibility perhaps adequately disproved already by operative experiments
The cessation of movement is no more explicable today than its continuation.
To be useful, a movement must end with the attainment of a result which is specific for a given stimulus; it must reach a determined distance, exert a determined force, etc. In many cases the stim-ulus to cessation or inhibition of movement evidently comes from exteroceptors and does not directly involve the receptors of the moving organs, but in the experimental duplication of a pattern set by active movement no extero-stimulation is present to determine the cessation of movement and its duration and extent must be determined wholly within the organism, either by excitation of proprioceptors or by processes carried out wholly within the central nervous system. Several alternative hypotheses to account for the cessation of movement in such cases have been formulated in such a way as to make experimental test possible.
The first of these appeals to the local sign, assuming that the extent of movement is determined by a change from one pattern of stimulation in the moving organ to another.
It seems to demand a vast if not infinite series of specific reactions to different patterns of stimulation.
(Ladd and Woodworth, (3) 408.) A second assumes that the extent of movement is determined by the amount of excitation coming from the moving organ, the amount . varying with the extent of movement.
The hypothesis seems to demand the assumption of a priming or preliminary integration of efferent neurones before the initiation of movement.
Third, there may be purely intracortical control by some spreading of excitation, of whose nature we can form no concept at present.
Some evidence bearing upon the role of excitations from the moving organ in the control of accuracy has been obtained by other experimenters.
Lack of space prevents any extensive summary of the literature and the thorough review of Woodworth (7) makes this unnecessary.
Indications of the relative independence of motor discharge from direct control by circular reflexes come chiefly from three sources.
(1) The discovery by Bowditch and Southard (1) that the reproduction by movement of a pattern distance set by visual stimulation is more accurate than that of one set by kinesthetic gives evidence of the importance of the preliminary set for accurate movement, although it throws no light upon the mechanism of the preparation for movement.
(2) The observations of Loeb (4) upon the inequality of simultaneous movements of the two arms indicate that the movements of the two have a common source of control, the action of which is relatively independent of the extent of movement. (3) In his study of automatic movements Woodworth (6) found that the accuracy of movement increased in direct ratio to the speed. From this he concluded that such movements are controlled by the initial set.
comes from three sources.
First, very slow movements were not made by the subject as a steady contraction of the muscles but bv a series of " impulses following each other at intervals of one-tenth second or more Second, the subject was able to detect the excessively long movements . of a series and to state that they were longer than he had intended to make them Third, he complained of fatigue at the same time that he showed objective signs of some disturbance in the normal conditions of movement, while chemical sensitivity to fatigue products in the muscles of the anesthetic leg seems improbable.
These points are not at all firmly established by the data at hand but all indicate that there is a spreading of the motor excitation which plays a part in the control of movement and may perhaps lead to some phenomenon such as that described as the feeling of innervation.
The hvpothetical " explanation of such a condition which is most open to experimental test is that assuming a spread of the motor impulse to other action systems with reflex control from them.
It may, perhaps, be tested by a study of the possibility of controlled movements within intervals less than the minimum cortical reaction time.
Experiments to this end are now in progress.
As evidence for the importance of the initial set, on the contrary, there is the fact, emphasized earlier by Woodworth (6) for automatic movements, that the accuracy of movement increases directly with the rate. out either alternative.
The evidence at hand is not adequate to rule SUMMARY Active movements of the left knee were studied in a subject having a complete anesthesia to movements of this joint.
Evidence bearing upon the nature of the control of movement in such a condition suggests the following conclusions.
1. Accurate movement of a single joint is possible in the absence of all excitation from the moving organs.
The interaction of the various muscles concerned in the movement is not obviously different from that found in normal subjects.
2. In contrast to reflexly controlled movements, the accuracv of movements under such conditions is in direct ratio to their rate, 'that is, within the limit tested, the quicker the movement the more accurately it is made.
3. The control of accuracy of the m.ovements is relatively independent of their duration; movements of different length do not result, from a uniform excitation continued for varying time intervals but from variations in the intensity of motor discharge. 4, It is probable that a control of the intensity of motor discharge after its initiation is possible in the absence of excitation from the organs activated.
5. The normal phenomena of fatigue occur when it is highly probable that the chemical sensitivity of the fatigued muscles is reduced. 
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